Abstract-Linear encoders for nanoscale position sensing based on vertical arrays of individual carbon nanotubes are presented. Vertical arrays of single multi-walled carbon nanotubes (MWNTs) are realized using a combination of electron beam lithography (EBL) and plasma-enhanced chemical vapour deposition growth. EBL is used to define 50-to 150-nm nickel catalyst dots at precise locations on a silicon chip. Precise control of the position, density and alignment of the tubes has been achieved. Aligned nanotube arrays with spacing varying from 250 nm to 25 µm are realized. Field emission properties of the array are investigated inside a scanning electron microscope equipped with a 3-d.o.f. nanorobotic manipulator with nanometer resolution functioning as a scanning anode. With this scanning anode and the single MWNT array, a nano encoder is investigated experimentally. Vertical position is detected by the change in emission current, whereas the horizontal position of the scanning anode is sensed from the emission distribution. A resolution of 98.3 nm in the vertical direction and 38.0 nm (best: 12.9 nm) in the lateral direction has been achieved.
INTRODUCTION
In electric servomotors, encoders play a significant role by providing precision angular or linear position sensing feedback. Similarly, with the development of nano machines [1 -4] nanometer-scale position sensing with nanometer-sized devices is required for their successful application.
To shrink the sizes of conventional optical encoders, different measurement principles must be considered. Although tunneling current and laser-deflection techniques can provide extremely high resolution [5, 6] , the effective distance of the former is less than 1 nm and the latter generally involves a complex laser apparatus. Another possible feedback mechanism is to use the interlayer resistance of a telescoping multi-walled carbon nanotube (MWNT) for position sensing [7] . The potential for quantized interlayer conductance can result in resolutions at atomic lattice levels [8] . On the other hand, the dependence of field emission currents on inter-electrode distance has shown promise for non-contact position sensing [9, 10] . Recent results with individual nanotube emitters and telescoping nanotubes have shown the feasibility of this method [11, 12] . Moreover, the energy distribution around a field emitter [13, 14] is a potential technique for lateral position sensing.
Plasma-enhanced chemical vapour deposition (PECVD) has been successfully used for the growth of individual MWNTs from nickel catalyst nanodots defined by electron beam lithography (EBL) [13] . In this paper, we present a nano encoder based on vertically-aligned single MWNT emitters grown with this technique. Vertical and lateral position sensing are investigated from experimental, theoretical and design perspectives.
In the following, directed growth of single MWNT arrays is introduced in Section 2. The design and operating principle of nano encoders is presented in Section 3. A nanomanipulation-based scanning anode technique for field emission property characterization is shown in Section 4 and the basic field emission property of an individual tube in the array is measured. In Section 5, experiments with single MWNT array-based linear nano encoders are described.
DIRECTED GROWTH OF SINGLE MWNT ARRAYS
Vertically aligned MWNTs were realized using a combination of EBL and PECVD growth of MWNTs. EBL was used to define 50-to 150-nm nickel catalyst dots at precise locations on a silicon chip. Next, vertically aligned nanotubes were grown by PECVD at Nanolab (USA). Precise control of the position, density and alignment of the tubes has been achieved. Aligned nanotube arrays with spacing varying from 250 nm to 25 µm were realized. Figure 1 shows vertically-aligned MWNTs grown by this technique.
DESIGN AND PRINCIPLE OF NANO ENCODERS

Structure
A single carbon nanotube (CNT) array-based nano encoder is designed as shown in Fig. 2 . A scanning anode is placed on a moving body and its position detected by monitoring the field emission current from the CNT emitter array. 
Vertical position sensing
Field emission from a nanotube emitter is governed by the Fowler-Nordheim (F-N) theory [15] . This theory, originally published in 1928, was the first generally accepted explanation of field emission in terms of the newly developed theory of quantum mechanics. The first experimental research on CNT field emission demonstrated that nanotubes obey this theory [16] . According to the F-N theory, the field emission current density j is a function of the electric field E and the emitter work function :
where e is the elementary positive charge, m e is the electron mass,h is Planck's constant andh = h/2π . The emission current can then be expressed as [15] :
where I is the emission current (A), V is the applied voltage (V), is the work function of the nanotube tip (eV), r is the tip radius of curvature (cm), L is the protruding length of the emitter (cm), G (G = L + g, g the tip-anode distance) the inter-electrode distance (cm), A is the emission area (cm 2 ) and:
where a is a parameter determined by local geometric and electronic factors a = G/L. From (2), the emission current changes with the inter-electrode gap G as: From (1) and (3) and for field emission (G > L) in the 'near-field', i.e., G ≈ L or α = G/L ≈ 1, I becomes maximum and is inversely proportional to G so that better resolution is obtained. In a F-N plot, this means a large inclination (see (2) for the coefficient of 1/V ). On the other hand, in a far field as G L or α = G/L 1, the resolution becomes worse (Fig. 3) . Experiments in Ref. [11] (c) show that it is possible to obtain a 100-nm resolution at room temperature inside 10 −4 Pa vacuum. Higher resolution can be obtained by stabilizing the emission current by baking the nanotube emitters and working at lower temperatures and/or in higher vacuum.
The field emission current is also affected by the shape of the anode. Finite element methods were used to investigate enhancements to the local field when the scanning anode is represented as a cylindrical probe with a semispherical tip. ANSYS 9.0 was employed to analyze the electric field for an anode probe with a 200 nm tip radius, and nanotubes of 30-50 nm diameter and 1-5 µm length for different inter-electrode distances (0.4-1.4 µm). Figure 4 shows the results for a tube with a 30 nm diameter and 1 µm length for different inter-electrode distances (400, 600, and 800 nm) under a 300-V bias voltage. The maximum field is found to be 3692 V/µm, giving an enhancement factor of 4.9 by noting that the nominal field is 750 V/µm for an inter-electrode distance of 400 nm.
Lateral position sensing
The lateral offset between a nanotube emitter and the scanning anode will influence both the strength and the distribution of the electric field. ANSYS 9.0 is again applied for analyzing the electric field for an anode probe with a 200-nm tip radius, and nanotubes of 30-50 nm diameter and 1-5 µm length for different lateral offsets of 0-2 µm. Figure 5 shows the results for a tube of 30 nm diameter, 1 µm length, and lateral offsets of 0, 500 and 1000 nm under a 300-V bias voltage. A constant 400-nm inter-electrode distance in the vertical direction was maintained. Simulation has shown that the field enhancement factor also changes with emitter density and that current density is a function of the distance between nanotube emitters [17] . Experimental investigation of single nanotube arrays with a scanning anode has verfied this [13] . This suggests the possibility of detecting the lateral position of a scanning anode by monitoring the emission current. Contrary to intuition, the optimal lateral sensing resolution of the nano encoder is not realized by decreasing the space between nanotubes, because it has been recognized that arrays of closely spaced nanotubes have lower field enhancement factors than sparse arrays due to field shielding, as illustrated in Fig. 6 [13]. The nanotube spacing distance H and the nanotube height L are critical to the field enhancement factor. When nanotubes are far apart, field enhancement is strong, but the total number of emitters per unit area is low, which reduces the emitted current. When nanotubes are closely spaced, they shield one another, thus reducing the field enhancement factor. At H/L approx. 2, an optimal spacing is reached where the field is only minimally reduced by the neighboring nanotubes and their numbers per unit area remain high. Therefore, to produce the most effective field emission cathodes, patterned arrays of nanotubes at controlled spacing must be created.
SCANNING ANODE FIELD EMISSION PROBE
A nanomanipulator (MM3A; Kleindiek) installed inside a scanning electron microscope (SEM) (Carl Zeiss; DSM962) is used for the experiments. The manipulator (as shown in Fig. 7 ) has 3 d.o.f. of freedom and nanometer to subnanometer scale resolution ( Table 1 ). The manipulator is used to control the relevant position and orientation of a scanning anode to the emitter array fixed on the sample holder of the SEM. In the experiments, the manipulator and the Si substrate with the nanotube array is configured as shown in Fig. 8 . Calculations show that as moving/scanning in A/B direction by joint q 1 /q 2 , the additional linear motion in the C direction is very small. For example, when the arm length is 50 mm, the additional motion in the C direction is only 0.25-1 nm when moving in the A direction for 5-10 µm; these errors can be ignored or compensated for with an additional motion of the prismatic joint p 3 , which has a 0.25-nm resolution.
Fundamental field emission properties of a single nanotube in a 10-µm spacing array show the as-grown nanotubes exhibit typical I -V and F-N curves, as shown in Fig. 9 .
THREE-DIMENSIONAL POSITION SENSING
Vertical position sensing
Vertical position sensing has been calibrated by a scanning anode actuated in the C direction of the manipulator (as shown in Fig. 10 ), which has a 0.25-nm resolution. The anode probe is first aligned to the tube and then moves towards the tube tip until a contact occurs. Resistance is measured to monitor the conductance. The probe is then moved away from the tube, and pulses are countered to determine the distance between the tip and the probe at higher resolutions than The measurement was performed at room temperature in an SEM vacuum chamber (vacuum is about 10 −6 Torr). It can be seen from Fig. 11a that the resolution is a function of inter-electrode distance and applied voltages, and that the higher the voltage, the larger the difference between curves. The linearity at approximately a 450-V bias is shown in Fig. 11b . Constant voltage mode can be used. Figure 11c shows the relationship between emission current and the inter-electrode distance, suggesting that a sub-100-nm (98.3-nm for the worst case) resolution is possible for vertical position sensing. Rresolution could be further improved by stabilizing the current and compensating for thermal drift and length diversity of individual emitters in an entire array. 
Horizontal position sensing
Lateral position sensing has been calibrated by the same scanning anode actuated in the A direction of the manipulator (as shown in Fig. 12 ), which has a 5-nm resolution. The original position of the anode probe is determined as described above. Then, the probe is moved away from the tube vertically as when scanning in the lateral direction. The emission current is measured by sweeping the voltage from 0 to 200 V. I -V curves for the lateral distances of 0, 972, 1496 and 2221 nm are shown in Fig. 13 . The measurement was performed at room temperature in the SEM vacuum chamber (vacuum approximately 10 −6 Torr). It can be seen from Fig. 13a and b that the current is a function of the lateral distance. Figure 13c is the same curve as shown in Fig. 13b , but with nearby tubes shown. The sharp change suggests a very high resolution is possible for lateral position sensing around a nanotube, but for farther distances, no emission current was detected. At 150 V, a resolution of 38.0 nm was obtained by setting the current drift at 1 nA. A higher voltage brings about a higher resolution. The best resolution of 12.9 nm under 155 V was achieved, but a risk of damage due to current saturation then exists. Further investigation will focus on optimizing the current distribution using tube arrays with different spacing and scanning an entire array. 
CONCLUSIONS
Single MWNT array-based linear nano encoders have been investigated from experimental, theoretical and design perspectives. Vertically aligned single MWNTs have been realized using a combination of EBL and PECVD growth. EBL is used to define 50-to 150-nm nickel catalyst dots at precise locations on a silicon chip. Precise control of the position, density and alignment of the tubes has been achieved. Aligned nanotube arrays with spacing varying from 250 nm to 25 µm are realized. 
